Objectives: Individual susceptibility to noise-induced hearing loss (NIHL) depends on the interaction between intrinsic and environmental factors. To proceed with the study on NIHL susceptibility genes an appropriate selection of workers susceptible and resistant to noise is crucial. The aim of the study was to compare four different methods of subject classification by the susceptibility to NIHL in a group of 949 workers of an electric power plant exposed to steady-state noise at the workplace. Materials and Methods: One method based the classification of the workers on the international reference standard ISO 1999ISO :1990; from the entire group of workers, 10% of the subjects with the worst hearing thresholds (HT) in the model were categorized as susceptible to NIHL, whereas 10% of the subjects with the best HT were categorized as resistant to noise. According to three other methods, the entire group of workers was first divided into subgroups by age, duration of employment and the level of noise, and then 10% of the subjects at each HT extreme were selected. Results: The first classification allowed to achieve an excellent separation between HT of the susceptible and resistant subgroups. The susceptible subgroup was significantly younger than the resistant one, showed a shorter duration of employment and a lower level of noise exposure, which is in line with the definition of increased vulnerability to NIHL. The three other methods produced poorer separation of HT with smaller or no gap between HT values in subgroups. Conclusions: The selection of subjects from the entire worker population of a given industry based on the ISO 1999:1990 standard can be regarded as the most reliable method of classification of noise-susceptible and noise-resistant workers to be used in the future genetic studies on NIHL susceptibility genes.
INTRODUCTION
Hearing loss induced by occupational and leisure noise exposure is the second most frequent cause of acquired sensorineural hearing loss in the adult population. It has been estimated that around 30 million people are exposed to unsafe noise levels at work [1] . Most of the countries adopted the A-filter-weighted sound pressure level system and the equal energy principle for assessing and limiting noise exposure [2] . Noise exposure levels related to an 8-h working day (or a 40-h working week) (L Ex,8h ), exceeding the occupational exposure limit (OEL) of 85 dB(A), are considered to be dangerous to the auditory system [3] . Statistically, sound exposure levels between 80-85 dB(A) have only a small influence on hearing over the long term; however, they are still capable of inducing measurable hearing threshold (HT) shifts in the high frequency range in susceptible subjects [3] . Noise-induced hearing loss (NIHL) is a sensorineural hearing impairment that develops over the years of exposure to noise. It is predominantly noted in the high frequency region with typical notch at 4-6 kHz. Although in principle it is supposed to be symmetrical, the left ear is somehow more vulnerable and develops more hearing loss than the right ear [4] . A possible explanation for this phenomenon is the human laterality (a majority of people are right-handed). Individual susceptibility (or vulnerability) to noise along with the degree of hearing loss varies greatly among people [3] , which means that after the same exposure to noise, some persons develop substantial hearing loss, whereas others develop little or no hearing loss at all. Another definition of an increased vulnerability towards noise says that vulnerable individuals experience acoustic trauma below noise exposure levels classified as being dangerous to hearing. Noise-induced HT shift depends on the interaction between intrinsic and environmental factors [5] . Besides well known environmental factors contributing to occupational NIHL, such as the equivalent level of exposure to noise (L eqA ) and years of exposure, some others may play a role. They include, e.g., impulsiveness of noise (impulse noise is more harmful than steady-state noise at the same equivalent level) [6] ; exposure paradigm (breaks in noise exposure allow for the recovery); noise exposures beyond workplace (leisure noise, military noise) [5, 7, 8] ; occupational exposures to certain chemicals (organic solvents, asphyxiants, heavy metals and pesticides) [5, 9] ; co-exposure to noise and vibration [5] ; ototoxic drugs (aminoglycosides, cis-platin and others), temperature and smoking [10] .
Several individual (biological) factors have also been studied in their role to aggravate NIHL [11] . An association has been found between NIHL and elevated blood pressure (risk factor), cholesterol level (risk factor), gender (women are less susceptible), age (increasing effect of presbyacusis with age), and eye color (blue-eyed individuals seem to be more susceptible to NIHL than subjects with greater melanin content in their eyes) [8, 12] . In contrast to environmental factors, very little is currently known about the genetic basis of NIHL. To proceed with such studies, large populations of NIHL-susceptible and NIHL-resistant subjects have to be screened for candidate-gene polymorphisms. In 1990, the International Organization for Standardization (ISO) published the mathematical model permitting to predict permanent hearing threshold shift (PTS) after a given occupational noise exposure (ISO 1999 (ISO :1990 [13]. The ISO model uses three parameters: age, gender and exposure to noise (L ExA and years of exposure) in PTS evaluation. Using these parameters, the distribution of NIHL can be calculated. The variation is large, e.g., for men working at 100 dB(A) noise for 30 years, the difference between 10% and 90% percentile of hearing loss is 60 dB HL [11] . In other words, after 30 years of exposure to noise at the level of 100 dB(A), the difference in hearing threshold shift between 10% of the most susceptible and 10% of the most resistant subjects would be 60 dB HL. The ISO model, although being not perfect, is at present the most widely used method for classification of noise-susceptible and noise-resistant subjects [14, 15] . The aim of this study was to assess the reliability of different methods of retrospective classification of subjects by their susceptibility to NIHL and compare them to the ISO model of NIHL prediction.
MATERIALS AND METHODS
The study group comprised 949 male workers of an electric power plant station, exposed to noise at workplace, aged 20-67 years (mean, 41.7 ± 7.9 years). Duration of exposure (tenure) ranged from 1 to 30 years (mean, 17.0 ± 4.7 years). The inclusion criteria were as follows: at least 1 year of exposure to noise, no history of middle ear diseases, no history of causes of hearing impairment other than noise exposure, no air-borne gap in pure-tone audiometry, no more than 40 dB difference between hearing thresholds in the right and the left ear at 4 and 6 kHz. The characteristics of the study group are presented in Table 1 . The sanitary inspection records and medical files were explored. The following data were stored in the database: age, gender, department, current job post in the factory, noise exposure levels at every single job post over a worker's entire time of employment in this electric power station (up to 8 job posts in some cases), cigarette smoking (years and numbers), alcohol drinking, head injury, history of acoustic trauma, dizziness, vertigo and tinnitus, blood pressure, weight, and heigth. All pure-tone audiometry results available in the medical file were introduced into the database; the latter was used in the NIHL modeling and workers' classification. Hearing thresholds were measured in a sound-proof room by the local occupational medicine staff using an ascending-descending technique in 5-dB steps (ISO 8253-1) [16] .
Assessment of exposure to noise
Since the employees were exposed to different noise levels during different employment periods, the noise exposure level averaged over each worker's total time of exposure was calculated using the following formula: (1) where: N − is the total number of various time intervals/workplaces/jobs; L Ex i -is the equivalent continuous A-weighted sound pressure level normalized to a nominal 8-h working day in the time interval/workplace/job i, in dB; T i -is the duration of time interval i, in years. The averaged individual levels of noise exposure ranged from 68.3 to 90.3 dB (A); mean L Ex,8h = 84.5 ± 3.0 dB (A).
Classification of workers into noise-susceptible and noise-resistant groups
The workers were classified as susceptible or resistant to NIHL according to the following principles: 1) 10% of workers with the poorest hearing thresholds were categorized as susceptible to NIHL, whereas 10% with the best hearing thresholds were categorized as resistant to noise; 2) since the frequencies of 4 and 6 kHz are the most sensitive to noise trauma and the left ear was shown to be more vulnerable than the right ear, the categorization was based on HT in the left ear at 4 and 6 kHz; hearing thresholds of all persons were plotted on the Cartesian co-ordinate system (axis X -HT at 4 kHz, axis Y -HT at 6 kHz) and 10% of individuals (points) were cut off at each extreme (Fig. 1); 3) in classification I, based on the ISO 1999:1990 model, absolute hearing threshold values were converted to so called "relative standardized scale", i.e., they were shown as the differences between real hearing thresholds (measured on the last worker's audiometric exam) and hearing thresholds predicted from the ISO 1999:1990 model; in all other classifications (II, III and IV) absolute values of hearing thresholds were used. Four approaches to workers' dichotomization were used: Classification I was performed in the whole group of workers using the ISO 1999:1990 model and the relative standardized scale of hearing thresholds ("gold standard method"). To minimize the effect of age, classification II was performed in ten age subgroups with the similar number of subjects (ranging from 53 to 139). In each subgroup, 10% of persons with the poorest absolute hearing thresholds and 10% with the best absolute hearing thresholds were selected. Then, to compare the results of classifications I and II, hearing threshold absolute values were converted to the relative standardized scale. To minimize the effect of both age and exposure level in classification III, the entire group of workers was divided into three age subgroups (35 years or less, 36-50 years, and over 50 years) and two noise exposure level subgroups (85 dB-A or below, and over 85 to 91 dB-A). In total, six subgroups were established (3 age • 2 noise level subgroups). The number of workers in each subgroup ranged from 80 to 390. Like in classification II, 10% of workers in each subgroup at each extreme -with the poorest absolute hearing thresholds and the best absolute hearing thresholds -were selected. Then, to compare the obtained results with those of classification I, the absolute values of hearing thresholds were converted to the relative standardized scale. To minimize the effect of all three variables: age, noise exposure level and duration of employment, in classification IV, the entire group of workers was divided into three age subgroups (35 years or below, 36-50 years, and over 50 years), two exposure level subgroups (85 dB-A or below, and over 85 to 91 dB-A), and three employment duration subgroups (10 years or below, 11-20 years, and over 20 years). The number of subgroups was 18 (3 age • 2 noise • 3 employment duration subgroups). The number of subjects in each subgroup ranged from 60 to 280. The following procedures were the same as in classifications II and III.
Standardized hearing thresholds scale
The ISO 1999:1990 model assumes that hearing threshold level (HTL) of occupationally noise-exposed population is a combination of hearing threshold level associated with age (HTLA) and noise-induced permanent threshold shift (NIPTS); HTL is calculated using the following empirical formula (ISO 1999 (ISO :1990 [13]:
Thus, the HTLA is a function of gender and age (ISO 7029) [17] .
For the purpose of this study, we introduced so called "standardized hearing threshold scale" based on the following assumptions: 1) the ISO 1999:1990 model reliably predicts the distribution of HTL in noise-exposed population and quantitative dependencies of HTL on age and exposure to noise; 2) the difference (∆) between actual individual HTL (HTLm) and median HTL (HTL 0.50 ) in the population of the same age and noise exposure is a measure describing the state of the auditory system of a given person. The delta is expressed by subtracting HTL 0.50 from HTL m Δ = HTL m − HTL 0.50 (3) This variable allows to compare HTL of individuals within the population of the same gender, age, and noise exposure. Because the widths of the predicted distribution change with changing exposure to noise and age, the widths of the distribution were applied to standardization according to the following formulas: This procedure is similar to the standardization in case of the normal distribution, but the predicted HTL distribu- In this way, one can obtain the scale of hearing state that combines information on hearing threshold level, noise exposure and age, whereby it is possible to make direct comparison between individuals originated from different populations without the necessity of performing preliminary case classifications with respect to age (as in classification II) or age and noise exposure (as in classifications III and IV).
Statistical analysis
Statistical analyses were completed using STATISTICA 6.1 (StatSoft, Inc. 1984 -2004 . The distribution of age, duration of employment and noise exposure level referred to an 8-h working day in the susceptible and resistant groups was compared by the MannWhitney U test. The analyses were performed assuming a level of statistical significance of p = 0.05.
Ethics
The study protocol was approved by the Regional Bioethical Committee at the Nofer Institute of Occupational Medicine in Łódź. Table 2 shows mean and median values of age, duration of employment, noise exposure level and hearing levels at 4 and 6 kHz in the NIHL-susceptible and NIHL-resistant persons for all the methods of subject classification (I, II, III and IV).
RESULTS

Classification I
In classification I when the dichotomization was made in the entire group of workers, a significant difference between groups regarding age, duration of employment and noise exposure was observed ( Table 2 ). The workers classified as resistant to noise were on average about 4 years older than those susceptible to noise. They also showed a longer time of exposure (almost 2 years on average) and a slightly higher noise exposure level ( Table 2 ). The age distribution indicated a substantial representation of young workers, aged below 40 years, in the noise-susceptible subgroup, while there were few of them in the resistant subgroup (Fig. 2a) . The distribution of employment duration showed a higher representation of the employees with shorter duration of employment in the sensitive subgroup (Fig. 2b) , while the distribution of noise exposure levels showed a shift toward higher values in the resistant subgroup (Fig. 2c) . The scatterplot of hearing thresholds at 4 and 6 kHz showed an ex-(a) Age distribution in the noise-susceptible and noise-resistant subgroups: there is a significant age difference in both subgroups (p < 0.0001). Note more younger subjects (aged under 40 years) in the susceptible subgroup; (b) The duration of employment in the noise-susceptible and noise-resistant subgroups. There is a significant difference in the duration of employment between two subgroups (p = 0.03). Note more subjects with shorter duration of employment in the susceptible subgroup; (c) The noise exposure level (normalized to 8-h working day, averaged over the total exposure time) in the noise-susceptible and noise-resistant subgroups. The susceptible subgroup was exposed to significantly lower noise exposure levels (p = 0.03); (d) Standardized hearing thresholds in the noise-susceptible and noise-resistant subgroup. Note a very good (more than 1 standard unit) hearing thresholds separation of both subgroups. (Fig. 2d) . In the susceptible group, all HTL values were at or above 1 standard unit at both frequencies, while in the resistant group they were below 0 standard unit. No overlapping hearing thresholds were evidenced.
Classification II
When the dichotomization was made in ten age subgroups, apparently no age and no tenure differences between susceptible and resistant groups were found (Table 2) , and age distribution was very similar in both 
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241 subgroups (Fig. 3, a and b) . The exposure noise level was on average almost 2 dB higher in the resistant than in the susceptible group (Table 2, Fig. 3c ). The scatterplot of hearing thresholds at 4 and 6 kHz showed that the segregation of HTLs was poorer as compared to classification I. In several cases, less than 1 standard unit gap was noticed between HTLs of both groups (Fig. 3d) .
Classification III
When the dichotomization was made in six subgroups accounting for two variables (age and noise exposure level), neither in these variables nor in duration of employment, the in-between subgroups differences were found (Table  2 and Fig. 4, a, b, and c) . The scatterplot of hearing thresholds at 4 and 6 kHz showed very poor segregation of HL values, with no gap between noise-susceptible and noiseresistant groups and several cases with overlapping hearing thresholds (Fig. 4d) .
Classification IV
When the dichotomization was made in 18 subgroups accounting for three variables (age, duration of employment and noise exposure), there were no differences in the latter variables between groups; however, the difference in mean age was still present (Table 2 and Fig. 5, a, b, and c) . The resistant group was on average over 3 years older than the susceptible group (Table 2, Fig. 5a ). The segregation of HTL values was poor in classification IV, with no gap between the susceptible and resistant workers (Fig. 5d) .
Audiometric hearing thresholds
The median values of hearing thresholds in the NIHL-susceptible and NIHL-resistant subgroups in respect of hearing thresholds predicted with the ISO 1999:1990 model are presented in Fig. 6 . Regardless of the method of classification used, the audiometric curves of susceptible subgroups at the frequencies above 3 kHz lay below the 0.1 decile curve predicted for the entire population of workers with a) Age distribution in the noise-susceptible and noise-resistant subgroups. There are no differences in the mean age between two subgroups (p = 0.84); b) The duration of employment in the noisesusceptible and noise-resistant subgroups. There are no differences in the duration of employment between two subgroups (p = 0.08); c) The noise exposure level (normalized to 8-h working day, averaged over total exposure time) in the noise-susceptible and noise-resistant subgroups. The susceptible subgroup was exposed to significantly lower noise levels (p < 0.0001); d) Standardized hearing thresholds in the noise-susceptible and noise-resistant subgroups. Note a poorer hearing thresholds separation of both subgroups than in classification I (less than 1 standard unit). 
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ISO 1999:1990 is the most recent document prepared using a large database of nearly 7000 industrial workers [11] . It includes all the most crucial variables influencing hearing in humans, i.e., age, gender, duration of employment, and noise exposure level. It has been shown that database ISO A -with certain adjustments -could serve as a reference for the younger unscreened population [15] . Although being not perfect, it is now considered as a "gold standard" allowing to predict noise-induced permanent hearing threshold shift in a given worker and median hearing loss with fractiles in a given noise-exposed population. In this study we used four methods for classifying noisesusceptibility of workers and compared the distribution of hearing thresholds (expressed in standard units, i.e., as the differences between hearing thresholds actually measured and those predicted from the ISO 1999:1990 document) in the susceptible and resistant groups of workers. We considered it advisable to shift apart hearing thresholds as a more reliable method of workers' classification. The population consisted of male subjects, with rather homoa) Age distribution in the noise-susceptible and noise resistant subgroups. The noise-susceptible subgroup is younger than the noise-resistant subgroup (p = 0.0028); b) The duration of employment in the noise-susceptible and noise-resistant subgroups. There is no difference in the duration of employment between two subgroups (p = 0.64); c) The noise exposure level (normalized to 8-h working day, averaged over total exposure time) in the noise-susceptible and noise-resistant subgroups. There is no difference in the noise exposure level between two subgroups (p = 0.12); d) Standardized hearing thresholds in the noise-susceptible and noise-resistant subgroups. Note a very poor separation of hearing thresholds in both subgroups (with no gap between the susceptible and resistant subjects). the ISO standard, while the audiometric curves of resistant subgroups overlap each other and lay between decile 0.5 and decile 0.9 (Fig. 6) . For the subgroups of the workers classified as susceptible to noise, the poorest hearing thresholds were seen in classification I, while the best ones in classification IV. This suggests that classification I is most appropriate, while other classifications are less suitable to differentiate individuals for their vulnerability to noise.
DISCUSSION
The classification of noise-exposed subjects at the two extremes of the phenotypic spectrum, i.e., the workers who develop the greatest hearing loss due to a given exposure to noise (subjects susceptible to NIHL) and the workers who develop the lowest hearing loss after similar noise exposure (subjects resistant to NIHL) has a great advantage of much higher power for identifying underlying genes in the future genetic studies of NIHL susceptibility genes. geneous exposure to steady-state noise not exceeding the level of 91 dB(A). Thus, age factor (presbyacusis), duration of employment and level of noise were the main variables influencing the hearing threshold. In classification I ("gold standard" method), the hearing levels of 10% of susceptible workers and 10% of resistant ones were more than 1 standard unit apart. The susceptible group was significantly younger and exposed to noise for a shorter time. These findings are in line with the definition of increased vulnerability to NIHL [3] . The majority of susceptible subjects were exposed to noise at relatively low equivalent level (below 86 dB-A), and again, it is known that the most vulnerable ears develop hearing impairment at lower levels of noise, classified as being quite safe to hearing in the general population. Every subsequent approach to classification tried to preeliminate the influence of the following factors: age (classification II), age and level of noise (classification III), and age, level of noise and duration of employment (classification IV). Although these classifications allowed to neglect between-group differences in mean values of age (classification II), mean values of duration of employment and level of noise (classification IV), and mean values of age, duration of employment and level of noise (classification III), the plots of hearing threshold levels expressed in standard units showed poorer segregation, with some overlapping cases in classification III. Also, the analysis of median HTLs of susceptible subjects showed the poorest values in classification I as compared to other classifications, suggesting that the first approach is most appropriate. In the study by Carlsson et al. [18] , the population of 1200 noise-exposed workers was investigated in Sweden. The selection of noise-susceptible and noise-resistant workers was based on audiometric analysis in nine subgroups, and followed by DNA sampling and analyzed with respect to the Connexin 26 (Cx26) 35 delG gene mutation. The subgroup categories were similar to those in our study (three age/tenure groups: <35/10 yr, 35-50 yr/20 yr, >50 yr/30 yr and three noise exposure groups: <85 dBA, 86-91 dBA, >92 dBA), except for noise exposure that in our study was never higher than 91 dBA. Another difference concerns the frequency used in the subject's selection -4 and 6 kHz in our study, and 3 kHz used by Carlsson et al. Although the authors showed a good agreement of audiometric curves for workers classified as susceptible to NIHL and the international ISO standard, in seven out of 9 susceptible subgroups, HTL audiometric curves laid above 0.1 fractile (between fractile 0.1 and 0.5), and in two groups only (middle age groups, low and moderate noise exposures) they were at, or below 0.1 fractile predicted with the ISO model. Also, an individual audiogram of the worker who was shown to be a carrier of Cx26 35 delG gene mutation, was atypical as for NIHL. This could suggest that the pre-selection of workers (to age and exposure subgroups) and adoption of 3 kHz as the reference frequency is not the most appropriate approach to workers' dichotomization and could possibly influence further genetic analysis. Based on the results of earlier studies, it has been concluded that permanent threshold shift in subjects exposed to noise resulted rather from ageing than from noise exposure [19] ; particularly, if workers strictly followed the recommendation to use hearing protectors at work [4] . So, age might be a confounding factor in the selection of subjects according to their susceptibility to noise. On the other hand, the extent to which age and noise co-influence hearing is not critical with regard to searching for susceptibility genes, since, as shown in mice, the same genes seem to be responsible for age-related hearing loss and NIHL [20] . Although the ISO 1999:1990 model is commonly used as a reference method of hearing threshold prediction, it does not comprise risk factors other than age, gender and noise exposure. Other factors contributing to variation in vulnerability to noise include noise impulsiveness, leisure noise and military noise, exposure to some chemicals, smoking, ototoxic drugs uptake, elevated blood pressure and serum cholesterol, and the use of hearing protectors. Thus, the newer hearing conservation programs predict hearing loss by notifying risk factor to individuals. A good example is NoiseScan program, developed by Finnish researchers, that predicts hearing loss with ISO1999 in combination with weighting different individual risk factors [11] . The novel NoiseScan data management system enables to assess the risk of developing hearing impairment on the ba-sis of known risk factors. The study by Kuronen et al. [14] investigated the risk of hearing impairment among Finnish Air Force pilots using reasonably accurate noise exposure data and other risk factors for hearing impairment. It was further compared with that observed in industrial workers which followed the ISO 1999:1990 model of prediction. Hearing among Finnish military pilots turned out to be better than predicted by the ISO 1999:1990 model, and 9-13 dB better than in industrial workers. These findings were explained by a much larger number of risk factors in industrial workers than in pilots [14] . Noise impulsiveness is one of the most significant factors contributing to NIHL. The results of our previous study carried out in workers exposed to impulse noise and steady-state noise showed that at least 5-10 dB correcting factor should be added to hearing levels at high frequencies to adjust for the effect of noise impulsiveness [21] . It is not the case in this study, because all the workers were exposed to steady-state noise. Also, the same hearing conservation program was followed by all factory workers, thus eliminating the use of hearing protectors as a possible confounding factor. The results of the studies on the correlation between tobacco smoking and hearing loss are inconsistent. Some studies have shown a significant association between these two variables, others have not [10] . The positive studies show that the frequencies affected are predominantly high frequencies. In this study population, the number of smokers in the susceptible and resistant subgroups did not differ significantly (data not shown), which confirmed that smoking was not a confounding factor in classification of subjects. There was no exposure to ototoxic chemicals (such as organic solvents) in the factory, and the prevalence of history of exposure to solvents did not differ between the subgroups. Less than 10% of workers reported an uptake of ototoxic drugs (aminoglycosides) in the past, and the percent of such individuals did not differ between susceptible and resistant subgroups. Other factors contributing to variation in vulnerability to noise were of lower influence on the hearing threshold or were relatively rare. Therefore, they could be disregarded in the workers' classification models to be used in further genetic studies.
CONCLUSIONS
Considering that the ISO 1990:1999 model is a reference method for the prediction of hearing level in the ageing, noise-exposed population, every other approach to the workers' classification into noise-susceptible and noiseresistant individuals leads to the worse hearing thresholds separation between these two subgroups. The selection of subjects from the entire worker population of a given industry based on the ISO 1999:1990 standard may be regarded as the most reliable method of classification of noise-susceptible and noise-resistant workers to be used in the future genetic studies on NIHL susceptibility genes.
